such as COPD (Baarsma and Königshoff, 2017; Pongracz and Stockley, 2006) . Thus, We investigated the roles of Wnt/β-catenin in vertebrate mucociliary epithelia using the and regeneration, and in epistasis experiments with downstream factors, we 1 1 0 characterize the roles and effects of signaling on mucociliary cell types. Our data 1 1 1 confirm a role of Wnt/β-catenin signaling in MCC differentiation, but also show its 1 1 2 importance in the regulation of BCs. Collectively, we propose that high levels of Wnt/β- TP63 expression, which is necessary and sufficient to mediate this effect and to retain 1 1 5 stem cells. Importantly, this inhibition of differentiation is reversible in vivo and in vitro 1 1 6 suggesting local Wnt/β-catenin signaling manipulations to be further explored in the 1 1 7 context of chronic lung diseases associated with airway epithelial remodeling. and secretory cells, which then intercalate into the epithelium during differentiation 1 4 1 (Deblandre et al., 1999; Rock et al., 2009; Stubbs et al., 2006) . In Xenopus, we also 1 4 2 observed GFP-positive cells in the epithelial cell layer during stages of intercalation (st. Figure S1B) . In the mature mucociliary epidermis, Wnt 1 4 6 activity was then restricted to MCCs ( Figure 1C) . We also detected elevated Wnt in MCCs as compared to Wnt-positive cells residing at the base of the epithelium 1 4 9 1 1 extraction at early (st. 10) and late (st. 17) cell fate-specification stages as well as after 3 0 3 specification was completed (st. 25). RNA-seq and differential expression analysis 3 0 4 revealed significant differences in gene expression between control and ΔN-tp63 including mcidas, ccno, cdc20b, foxn4 and foxi1, and Go-term analysis indicated 3 0 9 enrichment for "multi-ciliated epithelial cell differentiation" (Supplemental Table 1 and 3 1 0 Figure S6B ) (Mi et al., 2013; Walentek and Quigley, 2017) . In contrast, Go-term 3 1 1 analysis of significantly downregulated genes identified an enrichment for the terms 3 1 2 "focal adhesion", "actin cytoskeleton" and "extracellular matrix" (Supplemental Figure   3 1 3 S6B). These terms were also found to be enriched within the human airway BC transcriptome, suggesting loss of BCs (Hackett et al., 2011) . Next, we compared the list 3 1 5 of differentially expressed genes in ΔN-tp63 morphants with the human airway BC controls) to hierarchical clustering. In our analysis, we also included a subset of 3 2 0 previously identified Xenopus core MCC and Ionocyte markers as well as known 3 2 1 markers for SSCs and Goblet/outer-layer cells (Dubaissi et al., 2014; Hayes et al., 2007; 3 2 2 Quigley and Kintner, 2017). The two clusters representing the most upregulated genes 3 2 3 over developmental time in ΔN-tp63 morphants contained key markers for MCCs (e.g. mcidas, ccno, cdc20b, foxj1, myb) and Ionocytes (e.g. foxi1, atp6 subunits, ca12, ubp1) 3 2 5 ( Figure 4E) . In contrast, the cluster representing the most downregulated genes over 3 2 6 developmental time contained exclusively BC markers (e.g. ΔN-tp63, itga3/6, itgb1, 3 2 7 lamb1, cav2), and the key transcription factor for SSC specification foxa1 ( Figure 4E ). Together, these data not only revealed a high degree of functional and transcriptional homology between human and Xenopus mucociliary BCs, but also demonstrated that 3 3 0 ΔN-tp63 was necessary for the maintenance of BCs during development, which was in 3 3 1 turn required to generate a normal cell type-composition in the mucociliary epidermis. Furthermore, these data were in line with previous work, demonstrating that loss of ΔN- and mRNA expression levels by immunofluorescence and qPCR showed a moderate Given the importance of correctly regulated Wnt/β-catenin signaling for BCs as well as for the generation of correct cell type-composition in mucociliary epithelia, we were behavior rendering them incompetent to (re-)generate a normal mucociliary epithelium. To address that, we treated Xenopus embryos with BIO starting at st. 8, but removed 3 5 8 the drug from the medium at various stages and assessed cell type composition by with RSPO2 from ALI day 7 until day 21, resulting in deficient formation of MCCs and
Club cells. Then, RSPO2 was removed from the medium and BCIs were allowed to 3 7 1 recover for 7 days. After removal of RSPO2, BCIs were able to successfully regenerate 3 7 2
MCCs and Club cells and to express cell type markers for epithelial cell types, without In BCs, high Wnt/β-catenin levels promote the expression of ΔN-tp63, a hallmark , 2014; Soares and Zhou, 2018; Zuo et al., 2015) . We also provide evidence that ΔN-3 9 2 tp63 is necessary and sufficient to promote BC fate and to inhibit specification into 3 9 3 mature epithelial cells, including MCCs and secretory cells. ΔN-tp63 was previously 3 9 4
shown to be directly regulated by β-catenin in ChIP-seq studies in mammals and 3 9 5
Xenopus and by promoter analysis (Kjolby and Harland, 2017; Ruptier et al., 2011) . ΔN-3 9 6 tp63 is also known to inhibit differentiation and to promote proliferation in various 3 9 7 cancers as well as in skin BCs (keratinocytes); in part this is regulated by transcription 3 9 8 of cell cycle and pro-proliferative genes, which are also regulated by ΔN-tp63 in In MCCs, Wnt/β-catenin signaling during differentiation stages is required for normal Additionally, we have previously found that myb expression is downregulated after 4 4 0 inhibition of Wnt/β-catenin signaling, suggesting that myb could be regulated by Wnt Our data argue that the loss of differentiated MCCs upon excessive Wnt activation is a 4 4 6 consequence of impaired specification, rather than Goblet cell hyperplasia as previously suggested (Mucenski et al., 2005) . While we did not observe an increase in MUC5B of Goblet cells in submucosal glands (Driskell, 2004) .
5 2
Finally, our data indicate that persistent Wnt/β-catenin activation in mucociliary epithelia 4 5 3 could lead to BC hyperplasia and a remodeling of the epithelium. Importantly, we show 4 5 4 that these effects are reversible and that a return to normal signaling levels can promote 4 5 5 re-establishment of a differentiated epithelium. This is an important notion in the context We thank: S. Schefold, D. and E. Pangilinan, J. Groth for technical help; R. Kjolby, W. Imaging Center Freiburg for microscope use; JAX (RRID:SCR_004633) for mice; Galaxy Europe for bioinformatics platform. The authors declare no competing interests. Confocal imaging shows Wnt/β-catenin signaling-activation (green) and thickening of 5 2 8 the epidermis in BIO treated embryos. Nuclei (DAPI, blue). DMSO (N=2), BIO (N=2). staining, magenta) and outer/Goblet cells (small granules, PNA staining, magenta) at st. gene expression in ΔN-tp63 morphants relative to controls. "Upregulated" clusters (red), Dig-labeled rNTPs (Roche, #3359247910 and 11277057001). Embryos were in situ 7 0 6 hybridized according to (Harland, 1991) , bleached after staining and imaged. Sections were made after embedding in gelatin-albumin with glutaraldehyde at 50-70μm as Aldrich/Merck #D4902) was used in Ethanol at 10μM. Morpholino nucleotide and cloning primer sequences: The Wnt reporter line Xla.Tg(WntREs:dEGFP) Vlemx was generated using the sperm 7 2 1 nuclear transfer method as described in detail in (Hirsch et al., 2002) . The Wnt- Fisher #15596026) per stage at st. 10.5 (st. 10), st. 16-19 (st. 17) and st. 24-25 (st. 25 Sequencing generated a total of 2x 581.7 Mio reads (average 2x 32.3 Mio / library). After ".L" and ".S" from the name) using the GO Consortium website (geneontology.org).
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Heatmaps were generated in R v3.5.1 using ggplot2/heatmap2 v2.2.1. All bioinformatic following reagents and supplements were used as indicated in the protocol: Confocal imaging was conducted using a Zeiss LSM700 or Zeiss LSM880 and Zeiss Zen Stacked bar graphs were generated in Microsoft Excel, box plots and heatmaps were Sample sizes for all experiments were chosen based on previous experience and used 8 6 7
embryos derived from at least two different females in Xenopus. Analysis of mouse Wnt-8 6 8
reporter was conducted in samples from N > 3 animals. No randomization or blinding was 8 6 9
applied. used throughout the manuscript. 
